Cytosolic NADPH can be directly oxidized by a calcium-dependent NADPH dehydrogenase, NDB1, present in the plant mitochondrial electron transport chain.
INTRODUCTION
the day. This provided a physiological demonstration, in which the NDB1 enzyme was active and able to specifically modify the cellular NADP(H) pools (Liu et al., 2008) .
However, under the growth conditions used, no visual phenotype was observed, and it is
hitherto not known what the physiological importance of mitochondrial NADPH oxidation is.
Here we report that when grown under higher light intensities, N. sylvestris plants overexpressing St-NDB1 exhibit an earlier transition from rosette stage to bolting, whereas a line suppressing both St-NDB1 and Ns-NDB1 is delayed in this parameter. The phenotype was strongly correlated with stem-specific changes in NADPH reduction levels.
These changes were in turn correlated to the levels of a relatively small set of metabolites, and affected the expression of genes associated with floral phase transitions. Specific changes in the wild type (WT) apical NADPH/NADP + -ratio during bolting, as well as a high abundance of the St-NDB1 protein in potato stem mitochondria provide further support for an important role of mitochondrial NADPH oxidation in stem development.
RESULTS
Overexpression and suppression of St-NDB1 induce bolting phenotypes in N.
sylvestris.
Transformation of N. sylvestris with St-NDB1 in sense orientation has allowed the isolation of homozygous lines S2 and S6 that show a high abundance of St-NDB1 mRNA, encoded protein and associated external NADPH oxidation. In contrast, the line S8, which carries the same construct, displays low mRNA levels for St-NDB1 and Ns-NDB1 coupled to hardly detectable protein and activity levels, indicative of sense-cosuppression (Michalecka et al., 2004; Liu et al., 2008) . When growing these plants at a higher light intensity, 500 µmol m -2 s -1 , we noted an obvious variation in the timing of bolting, with the overexpressors S2 and S6 repeatedly bolting earlier and the suppressor line S8 bolting later than WT (Fig. 1) . We additionally compared hemizygous and homozygous S8 plants grown at 500 µmol m -2 s -1 . They displayed similar times for bolting, with both being significantly later than WT, consistent with NDB1 suppression being a dominant trait (Liu et al., 2008) . At 200 µmol m -2 s -1 light, all lines developed identically, whereas at intermediate light a pattern similar to the situation at higher light was discernable, although not statistically significant (Fig. 1 ). For plants grown at 500 µmol m -2 s a perturbation of metabolic efficiency. The stem extension rate was similar in all lines (Supplemental Fig. 2 ), and the difference in bolting time between the lines persisted as a similar variation in flowering time (Fig. 1A) . The results thus suggest that the principal effect was on the timing of the transition of the stem apex from rosette stage to bolting.
NADPH/NADP + -ratios are specifically modified in the stem
Plants grown at 500 µmol m -2 s -1 light were analyzed for changes in tissue NAD(P)(H) levels ( Fig. 2) . In leaves, no difference could be observed between the transgenic lines for the NAD(H) and NADP(H) redox couple, neither regarding reduction levels nor total amount of each nucleotide. However, in stems, the NADPH/NADP + -ratio was lowered in the overexpressor lines and increased in the suppressor line S8. The changes in lines S2
and S8 were significant at P<0.05. The total amounts of NADP(H) and NAD(H) were little changed, whereas both the overexpression lines and the suppression line had somewhat lowered NADH/NAD + -ratios. The results were investigated in relation to the bolting phenotype as seen over four separate growth experiments. Some variation existed in the number of days needed for the WT to bolt, and the phenotypic variation was most consistent when expressed as relative difference to WT. The reduction level of NADP(H) amounts varying significantly from WT in at least one transgenic line (Fig. 3 ). However, with the exception of citramalate and maltose, which were lowered in at least one overexpression line but not in S8, the changes in overexpressors and the suppression line were not consistent with the genetic modification. For example, shikimate was significantly increased in lines S2, S6 and S8.
In order to account also for plant-to-plant variation in the analysis, we determined
Pearson coefficients and significances for the correlation of both the NADPH/NADP + -ratio and the absolute NADPH level to the quantified metabolites. Fig. 4A Leaves displayed a correlation pattern highly different from stems (Fig. 4B ).
Hexose phosphate, especially glucose-6-phosphate was positively correlated to NADP(H) in both organs. However, raffinose was positively correlated to NADP(H) in stem but negative in leaves, and the opposite pattern was seen for ascorbate. In leaves, 20
additional metabolites correlated to NADPH/NADP + and/or NADPH, including intermediates from both primary and intermediary metabolism. The results thus display that the integration of NADP(H) into the metabolic systems is completely different in stem and in leaf.
The overexpression and suppression of St-NDB1 induce up-and down-regulation of flowering-associated genes
To determine the mode of influence of the observed redox changes on bolting, we analyzed gene expression in stems from the transgenic plants by realtime RT-PCR. The transcript levels for St-NDB1 and Ns-NDB1 were consistent with previous results for leaves (Liu et al., 2008) , confirming the overexpression of St-NDB1 in lines S2 and S6 as well as suppression of both genes in line S8 in stem tissue (Fig. 5 ). On searching of databases, we found two floral induction-associated MADS box genes in N. sylvestris (Jang et al., 1999; Jang et al., 2002; Gallego-Giraldo et al., 2007 Gallego-Giraldo et al., 2008) . Both genes were unresponsive in the transgenic lines, except for a higher GA2OX3 expression in S8 (Fig. 5 ). This indicates that GA levels were unchanged in the overexpressors, but may be elevated in line S8, which would have partially counteracted the late bolting phenotype observed in S8. The relative unresponsiveness of GA-induced genes was consistent with that S8 bolted significantly later than S6 also when grown with the GA synthesis inhibitor paclobutrazol. For four plants, the average bolting time with paclobutrazol was 56.7±0.6 and 52.9±1.2 days for S8 and S6, respectively. Thus, the observed phenotypic change was not mediated by GA.
NADP(H) reduction varies temporally and spatially in the stem apex
To further investigate the importance of cellular NADPH reduction level during bolting, we compared the apical 10 mm parts of WT stems at different stages (Fig. 6A) The spatial distribution of nucleotides and reduction levels was investigated in 50-60 mm high stems that were dissected before extraction. NAD(H) total amount and reduction levels were relatively similar over the investigated length (Fig. 6B) . However, the total amounts of NADP(H) were concentrated to the apex, whereas the segment 20-40 mm below the apex contained only a small part of the total NADP(H). In the same extracts, the NADPH/NADP + -ratio displayed somewhat higher values in the basal parts.
St-NDB1 is highly abundant in mitochondria purified from green stems
We wanted to investigate if the observed effects of NDB1 in the stem were mirrored in We previously reported the use in western blotting of an antiserum specifically detecting St-NDB1, but not N. sylvestris homologs (Michalecka et al., 2004) , and which is suitable for analyzing the St-NDB1 protein distribution in its species of origin. Since a recent targeting analysis using a C-terminal peptide of the Arabidopsis NDB1 suggested that NDB1 may reside also in peroxisomes (Carrie et al., 2008) , we also compared purified potato tuber mitochondria and peroxisomes (Fig. 7A ). The peroxisomes had high catalase activities, as previously observed (Struglics et al., 1993) , and no mitochondrial contamination. Antibodies against a glyoxysomal malate dehydrogenase detected a 37 kDa band in peroxisomes, and a larger band in mitochondria, consistent with previous observations (Gietl et al., 1996) . However, even at film exposure times where the St-NDB1 antibodies gave a strong signal in mitochondria, no NDB1 signal could be detected in peroxisomes (Fig. 7A ). We therefore conclude that St-NDB1 resides in mitochondria and not peroxisomes in potato, consistent with previous results using less specific antibodies against the conserved C-terminus of St-NDB1 (Rasmusson and Agius, 2001) , and that the phenotype observed in this investigation was due to enzymatic changes in the mitochondrial electron transport chain.
To determine organ distribution of St-NDB1 in potato, mitochondria were purified in triplicates from seven potato organs, including sink and source tubers, etiolated and green stem, young and mature leaves, and flower buds. The mitochondria were analyzed by western blotting, comparing St-NDB1 to other ETC proteins (Fig. 7B) . Consistent between preparations, St-NDB1 was most abundant in green stems, with lower levels being detectable in source and sink tubers and mature leaves. A weak band was repeatedly detected in young leaves, but not in etiolated stems and flower buds.
Immunoprobing was also carried out with antibodies against the alternative oxidase and the type II NAD(P)H dehydrogenase St-NDA1, the latter of which most likely also detects 
Integration of NDB1 and NADP(H) in the cellular metabolic systems
In this investigation, stem NADPH/NADP + -ratios showed specific changes between the transgenic lines. This material gave an opportunity to use metabolic profiling for identifying interaction points between NADP(H) and central carbon metabolism. In both leaves and stems, we found a positive correlation between NADPH and glucose-6-phosphate (in stems also the isomer fructose-6-phosphate). This was likely mediated by NADPH inhibition of glucose-6-phosphate dehydrogenase of the pentose phosphate pathway, which is believed to be modulated by the NADPH/NADP + -ratio (Kruger and von Schaewen, 2003; Wakao and Benning, 2005) , though direct in vivo support has as yet not been provided. Previously, a surprising increase in NADPH/NADP + -ratio in an Arabidopsis mutant lacking the NADP + -reducing non-phosphorylating glyceraldehyde-3-phosphate dehydrogenase was attributed to an elevated glucose-6-phosphate dehydrogenase activity (Rius et al., 2006) . The glucose-6-phosphate level is a marker for carbon status in Arabidopsis, and is located at the connection point between growth, respiration and carbon storage (Stitt et al., 2007) . Thus, the correlation between glucose-6-phosphate and NADPH reduction level appears to be a general property rather than a specific one directly involved in the mediation of bolting.
Apart from the hexose phosphates, the correlation of NADPH to metabolites is highly different in stem and in leaf. Differences in individual metabolites may be consequences of the NADPH/NADP + -ratio being outside the response range of a critical enzyme in one organ, variations in isoenzymes expressed, or switches between metabolic pathways using the metabolites in question. Particularly marked differences between leaf and stem were seen for sugars. We further observed that the stem NADPH/NADP + -ratio specifically correlates (positively or negatively) to a small set of metabolites, three of which (2-oxoglutarate, galactonate and ascorbate), show little correlation to other metabolites in the data set. In contrast, the leaf NADPH/NADP + couple appears to interact with a large number of metabolites that represent numerous pathways (Fig. 4) . This is consistent with NADP(H) having a regulatory role in stems (as suggested by the effect on bolting) whereas a general role in metabolic redox transfer would dominate in the leaves.
In stems, we observed a positive correlation of the NADPH/NADP + -ratio to glutamate and a negative one to 2-oxoglutarate and citrate ( Fig. 3-4 metabolites, there is little insight into how the effects are mediated. Our investigation identifies a pattern of relatively few compounds correlated to NADPH levels in the stems of the transgenic lines. These are candidates for mediating, individually or in combination, the NADP(H)-imposed redox regulation of floral integrator genes and consequentially bolting. Especially, the correlation of MADS gene expression to xylose suggests an involvement of sugar metabolism, complementing the previously known sugar effects on shoot meristems (Francis and Halford, 2006) . The changes in ascorbate content are also particularly interesting given that the terminal step of ascorbate biosynthesis appears to be physically (Millar et al., 2003) and functionally (Nunes-Nesi et al., 2005) linked to the ETC. Therefore, ascorbate synthesis may be influenced downstream of NDB1 in the electron transport path, whereas the majority of the other metabolic changes described here are most likely a direct consequence of the modified NADPH/NADP + ratio. (Zhao et al., 2008) .
When the results of these and our current study are considered together, it seems reasonable to postulate that an NADPH-sensing system also exists in plants. Identifying the exact mechanism linking the NADPH/NADP + redox couple will probably require considerably more research effort. However, irrespective of which of these models is ultimately correct the results we present here clearly demonstrate that manipulation of the mitochondrial external NADPH dehydrogenase St-NDB1 has profound effects on stem NADPH/NADP + -ratio, and as a consequence floral integrator genes and bolting time.
Thus, NADPH constitutes a connection between redox signaling and floral phase transitions, both of which integrate multiple influences from the plant environment (Bernier and Perilleux, 2005; Foyer and Noctor, 2005) . (Zou et al., 1999) . In a fourth category, genetic modifications of energy bypass pathways in Arabidopsis have uncovered an importance of the uncoupling protein At-UCP1 for optimal photosynthesis and growth rate (Sweetlove et al., 2006) , whilst the alternative oxidase gene At-AOX1a is essential for optimal growth at lower temperatures (Fiorani et al., 2005) and combined light and drought stress (Giraud et al., 2008) . In summary, plants modified for enzymes of the mitochondrial respiratory pathways have previously displayed phenotypes of modified photosynthesis and growth, but not specific developmental changes without showing a modified biomass accumulation.
NDB1 deviates from other mitochondrial enzymes regarding phenotype and expression

It is relevant to compare the
In combination, the specific bolting phenotype, the lack of an effect on the biomass accumulation seen here and at lower light (Liu et al., 2008) and the protein distribution in potato organs, suggest that St-NDB1 deviates in physiological role from ETC proteins of both the energy-conserving and the energy bypass pathways. A specialized function of NDB1 is also consistent with the distribution of external NADPH dehydrogenases, being present in plants and Neurospora, but not in mammals and yeast (Rasmusson et al., 2008 ).
CONCLUSION
We demonstrate that the mitochondrial external NADPH dehydrogenase St-NDB1 has capacity to impose changes in the cellular NADPH/NADP + -ratio that in turn can modulate a developmental process. Specifically, we observed an apical NADPH-induced redox modulation of bolting via changes in expression of floral meristem integrator genes. 
Determination of pyridine nucleotide levels
Transgenic lines were compared by sampling stems that were approximately 4 cm long, whereas leaf samples were taken from the first and second uppermost fully developed leaves. Pyridine nucleotide levels were measured as previously described (Liu et al., 2008) . Additional powder aliquots were stored at -80 °C for other measurements.
Metabolic profiling
Metabolites were extracted principally as previously described (Roessner-Tunali et al., 2003) . 100-150 mg sample powder was mixed with 1.4 mL methanol and 60 µL ribitol (0.2 mg mL -1
) was added as internal standard. The mixture was extracted for 15 min at 70°C and then centrifuged for 10 min at 14000 rpm. The supernatant was transferred to a glass vial and 750 µL chloroform and 1500 µL water were added. The mixture was centrifuged for 15 min at 4000 rpm. The upper polar phase was dried in vacuo and stored at -80 °C. Metabolite analysis was performed by GC-TOF-MS as previously described (Lisec et al., 2006) and the relative metabolite contents were evaluated by comparison to libraries housed in the Golm Metabolome Database (Kopka et al., 2005; Schauer et al., 2005) .
Transcript quantification
Total RNA isolation, DNase treatment, cDNA synthesis and realtime RT-PCR was carried out using the RNeasy Plant mini kit (Qiagen), DNase I (New England Biolabs)
RevertAid H minus first strand cDNA synthesis kit (Fermentas) and GoTaq DNA polymerase (Promega), respectively, but otherwise as previously described (Svensson and Rasmusson, 2001; Svensson et al., 2002; Geisler et al., 2004) . Primer pairs used were as previously reported (Liu et al., 2008) 
Organelle analyses
Potato (Solanum tuberosum) mitochondria from growing sink tubers and source tubers (sprouting in darkness at 25°C) were purified as described (Struglics et al., 1993) . reported (Boutry et al., 1984) . Peroxisomes were purified as described (Struglics et al., 1993) . Protein analysis was performed by the bicinchoninic acid method (Sigma, St.
Louis, Mo., USA). Mitochondria were analyzed by SDS-PAGE and western blotting (Michalecka et al., 2004) . Antibodies used were against potato NDB1-EF hand domain (Michalecka et al., 2004), potato NDA1 (Rasmusson and Agius, 2001) , Sauromatum guttatum alternative oxidase (Elthon et al., 1989) , Arabidopsis uncoupling protein (Borecky et al., 2001) , glyoxysomal malate dehydrogenase (Gietl et al., 1996) , and the mitochondrial complex I subunits NAD9 from wheat (Lamattina et al., 1993) and 78 kDa protein from Neurospora (Friedrich et al., 1989) . The latter detects the 76 kDa subunit in potato (Rasmusson et al., 1998) . Catalase activity was detected in the presence of Triton X-100 as previously reported (Struglics et al., 1993) . Mitochondrial and nuclear genome copy number ratio was determined by isolating total cellular DNA with the DNeasy kit (Qiagen, Valencia, Ca., USA), followed by realtime PCR using primers against the potato mitochondrial gene NAD9 (5'-CGATCGATATTTGAGGAGTT-3' and 5'-TCCAATAGTTCAGCAACAGA-3'; Accession number X79774) and the nuclear gene NDA1 (5'-CACAATGCCATGGTTCAA-3' and 5'-TCCAATAGGTTCAGCAACAGA-3'; AJ245861) at 60°C annealing, as previously described (Michalecka et al., 2003) . The analysis was made using three biological replicates and 2-4 machine replicates.
Data treatment
Comparisons of values for significant differences were made using Student's t-test in Excel (Microsoft) at P<0.05, unless otherwise denoted. Pearson correlation analyses were carried out using SPSS 16.0 (SPSS Inc., Chicago, Il., USA). Correlation networks were built using Cytoscape 2.6 (Cline et al., 2007) . . Stem height is presented as means ± SEM for 3 plants (A) or 6 plants (B-C).
Median day for appearance of first flower is denoted by a circled symbol in (A). Mal., malate; Sorb. sorbitol; Fruc., fructose; Malt., maltose; Shik., shikimate. Abbreviations: 3CQ, cis-3-caffeolyl quinate; DHAsc, dehydroascorbate; Fructose-6-P, fructose-6-phosphate; GABA, gamma-amino butyrate; Glucose-6-P, glucose-6-phosphate;
GlyAld-3-P, glyceraldehyde-3-phosphate. 
